INTRODUCTION
A role for a GTP-binding protein (G-protein) in invertebrate visual transduction has been proposed, not only because of the similarity of the photoreceptor with those of mammalian systems [1] [2] [3] , but also from electrophysiological data and the use of Gnucleotide analogues [4] [5] [6] . Several different protein components ofthe squid retinal outer segment have been suggested to resemble a G-protein a-subunit (G-a) by their cross-reactivity in interspecies reconstitution and from peptide mapping, toxin labelling or Western-blotting [7] [8] [9] [10] [11] [12] . However, conclusive identification has not been possible, and several appear to represent very minor protein components. Here we describe the purification and unambiguous identification of the three subunits of the principal heterotrimeric G-protein from invertebrate photoreceptors. In cephalopods and several other invertebrate classes, there is extensive evidence that the light-activated G-protein is linked to inositol-phospholipid metabolism [4] [5] [6] [13] [14] [15] [16] . The sequence of peptides derived from the a-subunit are most similar to regions of a recently described subclass of G-proteins [17, 18] . It has been suggested that this subclass couples receptors to inositol phospholipid metabolism [19] . The G-a isolated here is by far the major G-a present in the squid photoreceptor membrane. It is present at about 10 % the concentration of rhodopsin, a similar quantitative relationship to rhodopsin as in vertebrate photoreceptors [20] . Therefore, it is likely that the G-protein described here is the light-activated G-protein of cephalopod eyes, and that activation of this G-protein stimulates an inositol phospholipiddirected phospholipase C (PLC).
EXPERIMENTAL Materials
Squid (Loligo forbesi) were obtained from the Marine Biological Association, Plymouth, U.K. Eyes from freshly killed animals were dissected, washed with saline buffer [600 mmNaCl/5 mM-Hepes (pH 7.4) 5 mM-EDTA/1 mM-EGTA] and were rapidly frozen in isopentane cooled with liquid nitrogen.
Chemicals were of AnalaR grade or higher and were obtained from Aldrich, Sigma, BDH or from Nova Biochem.
Purification of the photoreceptor G-protein
The isolation and purification of photoreceptor outer segments (OS) were carried out as described previously [7, 21] (Fig. 1) are more likely to result from differences in their solubility than from losses during the preparation. Treatment of the membranes with urea released a few peripheral membrane components. The principal polypeptide that was solubilized in this way proved to be G-a~ (Fig. 1) , and the method was used to isolate large amounts of G-ae for structural analysis. The squid photoreceptor G-protein is therefore more intimately associated with the membrane than is its vertebrate counterpart. The latter is easily dissociated by salt or by light and GTP [25, 26] . Thus the watersolubility of the G-protein in the present study more closely resembles that of the G-proteins involved in excitation-coupling of a variety of hormones, neurotransmitters and peptides [27] . (Fig. 2) . The tight association of G-fi with G-y has been observed in all G-protein extracts that have been characterized thus far [28] . As has been shown for other G-proteins, the interaction with G-x appears weaker [25] [26] [27] [28] . It is possible that detergent solubilization itself results in dissociation of G-az from G-fly. However, it may be th-at elec-trostatic-inte-ractions-between the-subuhnits are sensitive to the increased ionic strength required for elution from the ionexchange resin [29] . The Squid photoreceptor G-protein Peptide sequence data from the Mr-44000 polypeptide were aligned with those for similar regions of other G-ac species. The sequences of the G-a species with which the polypeptide sequences from the squid protein were compared were obtained from [17, 28] . Identical residues are indicated by a dot. Abbreviation:
is, however, non-covalent, and dissociation of the subunits was achieved by denaturation with SDS. Thus subunits were separated from one another by electroelution from polyacrylamide gels. All three of the intact G-protein subunits were refractory to Edman degradation. Therefore we subjected the individual polypeptides to proteolytic cleavage to generate internal fragments for amino acid sequence analysis. G-,l was readily cleaved into a few large polypeptides by treatment with S. aureus V8 endoproteinase, allowing the molecular cloning of squid visual G-fl cDNA [21] .
Cleavage of G-a into large fragments with proteinases proved unsuccessful, due to its extreme sensitivity to enzymic digestion (results not shown). However, chemical proteolysis using oiodosobenzoic acid proved more successful and allowed the isolation of five polypeptides ( (Table 1) derived from G-y by IBA or CNBr cleavage of the electroeluted Mr-12000 polypeptide against (a) bovine transducin-y and the two cloned G-y species [G-y2 (b) and G-y3 (c)] [35] .
cleavage was obtained whether the G-a was purified from the detergent-or from the urea-solubilized fraction. The peptides were attached to DITC-glass for solid-phase sequence analysis. The sequence of polypeptide a-l Mr 7000 (Table 1) was closely related to a conserved region of a number of G-a (around the Halliday G-box [28, 30] ; Fig. 3 ). In this region, the amino acid sequence obtained from the squid protein was identical with that of the recently characterized Gq subgroup [17] (Fig. 3) . The other polypeptide from which amino acid sequence was obtained, namely that of M, 14000 (polypeptide oc-2; Table 1 ), was also similar to a region of the Gq subgroup (Fig. 3) . The sequence of Vol. 279 325 both fragments showed significantly less similarity to other G-as. Thus it is likely that the major G-protein of squid OS represents a new member of the Gq subgroup. The extensive evidence that squid visual transduction involves stimulation ofPLC [4] [5] [6] [13] [14] [15] [16] supports the hypothesis that these proteins are involved in coupling receptors to PLC [17] [18] [19] 24, 31] . The other polypeptides obtained from o-iodosobenzoic acid cleavage were still refractory to sequencing, probably indicating that they were derived from the N-terminal region of G-a. As the expression of Gq in Drosophila is concentrated in the eye [17, 18] , it may be that much of the mechanism of phototransduction is shared between a wide range of invertebrates.
We found that this G-a was not ADP-ribosylated by either pertussis or cholera toxin. Sequence analysis of Gqa and its homologues indicate that they are unlikely to be substrates for pertussis toxin [17] , and this insensitivity has been demonstrated for some G-qs [24] and Gq-like a-subunits [31 ] . Though substrates for modification by both toxins have been detected in the squid outer segment previously [8] [9] [10] [11] , the abundance of these toxin substrates relative to the G-a of the present study indicate that they represent minor components. The soluble squid visual G-a described previously [7] , though not a substrate for modification by either bacterial toxin, also appears to be a distinct and unrelated protein component.
Previous reports that have demonstrated light-stimulated GTPase activity have failed to identify a major component insensitive to toxin modification [8,10,1 1] . This failure may result from the poor guanine-nucleotide binding of Gq [17, 19] . The light-stimulated pertussis-toxin-sensitive activities that have been reported [8, 10, 11] may represent the activation of a G-protein that is present in the squid photoreceptor at very low levels (at least an order of magnitude less than the Gq described here). Alternatively the activity reported may result from co-purification and cross-reactivity of a G-protein from another membrane. Cross-reactivity of a variety of G-proteins and receptors has been demonstrated in vitro [32] .
G-y was cleaved with o-iodosobenzoic acid and also with CNBr. In each case two peptides were resolved on Tricine gels.
The identification of G-y stems mainly from its Mr and its tight stoichiometric association with G-fi, as the sequences of peptides y-l, y-2 and y-3 (Mr values 6000, 10000 and 4000 respectively)
were not closely related to those of any known G-y (Table 1) . However, the sequences of the peptides overlapped and, when a low-stringency DIAGON analysis [33] was performed, a significant relationship with previously reported G-y sequences was observed (Fig. 4) .
The identification, purification and functional characterization of squid visual G-protein presents a useful system for the reconstitution of an intact signal-transduction pathway linked to PLC. Because of the heterogeneity of subunits [17, 27, 28, 34, 35] and the large number of different G-proteins present in most cell types, this level of characterization has only previously been possible for vertebrate transducin [25, 26] . Sequence analysis indicates that whereas G-,8 is 80-90% identical in these two heterotrimeric G-proteins, neither of the other subunits show similar levels of conservation. This supports the postulate that G-fi plays a crucial (though as yet unknown) role in G-proteinmediated receptor-effector coupling [21] . Finally, the squid visual G-protein is the first example of an isolated and characterized invertebrate G-protein.
